The reduction efficiency is an important variable during the black liquor burning process in the Kraft recovery boiler. This variable value is obtained by slow experimental routines and the delay of this measure disturbs the pulp and paper industry customary control. This paper describes an optimization approach for the reduction efficiency determination in the furnace bottom of the recovery boiler based on the minimization of the Gibbs free energy. The industrial data used in this study were directly obtained from CENIBRA´s data acquisition system. The resulting approach is able to predict the steady state behavior of the chemical composition of the furnace recovery boiler, -especially the reduction efficiency when different operational conditions are used. This result confirms the potential of this approach in the analysis of the daily operation of the recovery boiler.
INTRODUCTION
In the pulp production process the Kraft recovery boiler has basically three functions: to convert the sodium sulfate (Na 2 SO 4 ) present in the black liquor into sodium sulfide (Na 2 S); to produce steam through the combustion of the black liquor organic components; and to eliminate undesirable byproducts.
The main difference between recovery and classical boilers is the greater importance given, in the recovery boiler, to regenerate the Na 2 S rather than to steam production during the black liquor combustion. Besides steam production, the recovery boiler should be capable of producing the maximum amount of Na 2 S, a product of the burning process.
Basically, the recovery boilers can be divided into the following six parts: (1) furnace -where the black liquor is burned; (2) waterwall -where saturated steam is produced; (3) screen -where saturated and superheated steam are produced; (4) boiler bankwhere the water that arrives from the economizer is distributed and saturated steam is separated; (5) superheater -where saturated steam is transformed into superheated steam; (6) economizer -where the feed water is heated.
One of the main difficulties that must be faced to study Kraft recovery boilers is due to the large diversity of physical and chemical transformationsoften unknown -that take place during the black liquor burning process.
Although the black liquor burning process is similar to the combustion of any other combustible products in traditional boilers, the recovery of the inorganic salts from the black liquor complicates the process analysis in the furnace. In this case, the combustion products are not only carbonic gas and water, but also other chemical species (inorganic salts).
The black liquor burning process begins when this fluid is fed into the recovery boiler furnace through spray nozzles located on the furnace wall (Figure 1 ). Different physicochemical processes are involved in the black liquor particle burning phenomenon: drying, pyrolysis, char burning, oxidation and reduction of the inorganic salts (Grace, 1992; Smook, 1987) .
During the drying process the particles lose their residual humidity (about 30%).
The pyrolysis begins when the black liquor particles reach 473K (Grace, 1992; Sricharoenchaikul et al., 2001) . During this process the particle volume increases because of the generation of combustion gases: SO 2 , CO 2 , CO, CH 4 , H 2 O, and TRS (Total Reduced Sulfur). Due to the oxidation of these gases a visible flame surrounds the particles, which tends to follow the gas flow path. After the pyrolysis, the black liquor particles are composed of inorganic components (mainly Na 2 CO 3 , Na 2 S and Na 2 SO 4 ) and fixed carbon.
TRS gases are usually taken as H 2 S for convenience though in practice they usually contain mercaptans (Adams, 1997) . Lisa (1997) suggests that the TRS gases are composed of H 2 S, CH 3 SH, CH 3 SCH 3 and CH 3 S 2 CH 3 .
When the particles reach the furnace bottom, they get in contact with the char bed and the primary and secondary air fed (Figure 1 ). The char bed consists of carbon, partially pyrolyzed black liquor solids and melted inorganic salts, called smelt. The oxidation and reduction reactions of the inorganic salts occur in the char bed region. These chemical reactions take place simultaneously in the char bed (Grace, 2001) . The exothermic oxidation reaction of Na 2 S with air oxygen forming Na2SO4, takes place in the solid char bed surface. Because Na 2 S is an active agent of the wood digestion process in the pulp industry, it is desirable to recover it at the end of the black liquor burning process. The relationship between the recovered sulphur mass as Na 2 S and the total sulphur mass in the smelt is called reduction efficiency.
Although the inorganic salt oxidation causes a decrease of the reduction efficiency, the energy liberated during the exothermic reaction allows the fusion and the endothermic reduction of the salts, with the Na 2 SO 4 reacting with carbon to form new Na 2 S. Usually, the smelt is composed of one-third of Na 2 S and two-thirds of Na 2 CO 3 (Adams, 1997) . Grace and Frederick (1997) suggest that the temperature of the bed surface decreases with distance into the bed; from 1273 -1473K on the bed surface to the point where smelt is solidified, at approximately 1033K. The smelt is removed from the furnace bottom and taken to a dissolution stage.
Besides, particulate material-composed of not burned liquor particles and inorganic salts (chemical dust) -is formed during the black liquor burning process and are carried by the combustion gases. These carried substances cause a deposit on the surfaces of the boiler and reduce heat transfer efficiency. Electrostatic precipitators pick up the particulates remaining in the recovery boiler outlet. The formation mechanism of the chemical dust is not completely known (Jokiniemi et al., 1996) . Empirical models are usually used in the description of the particulate formation phenomenon (Costa et al., 2004) which it is not considered in this work.
This paper describes an optimization approach for the chemical composition determination in the furnace bottom of the recovery boiler (char bed region - Figure 1 ) based on the minimization of the Gibbs free energy. The resulting approach is able to predict the steady state behavior of the chemical composition in the furnace recovery boilerespecially the reduction efficiency -when different operational conditions are used.
METHODOLOGY
The black liquor burning process involves unknown chemical reactions in solid, liquid and gas phases. Moreover, the reagents of this combustion vary depending on the digestion process used. In order to overcome this difficulty we have considered an optimization approach that allows the calculation of the chemical composition of the system minimizing the Gibbs free energy. This methodology has been frequently used to describe closed multiphase systems (Faungnawakih et al., 2007; Faungnawakih et al., 2006; Solórzano et al., 2004; Nichita et al. 2002; Lee et al., 1999; Ansari and Pandis, 1999; Soares et al., 1982) and is based on the fact that Gibbs free energy of these systems must be minimum at the equilibrium.
In a closed system with F phases and N different chemical species the Gibbs free energy is calculated by a combination of the chemical potentials of each component in each phase, expressed by equation (1) (Zeggeren and Storey, 1970) . Where G is the total Gibbs free energy of the closed system, µ i,j is the chemical potential of component i in phase j, n i,j is the mole number of component i in phase j, F is the phases number in the closed system, N is the number of chemical components in the closed system. The chemical potential of specie i in phase j is described by equation (2).
where G o f i,j is Gibbs free formation energy of component i in phase j at an average temperature of the closed system (T), R is the gas constant, f i,j is the fugacity of component i in phase j, f o i,j is the fugacity of pure component i in phase j at the standard state. For condensed (liquid and solid) ideal phase the partial fugacity is expressed by,
and for the ideal gas phase by,
where P is the pressure of the closed system. Minimization of equation (1) produces the equilibrium composition of F phases at one condition of pressure and temperature as a function of the mole number of each chemical species in each phase (n i,j ). Moreover, the mass relations in the closed system must be satisfied during the solution of the optimization problem. Although the M chemical elements in a close system are distributed between different chemical species, the elementary chemical composition must remain fixed. This behavior described by equation (5) 
The optimization problems are solved for a deterministic optimization method, which is Sequential Quadratic Programming (SQP) (Edgar and Himmelblau, 1988) . Random values are used for the initial mole number of the chemical species in each phase, thus satisfying the restrictions described by equations (5) and (6).
The industrial data used in this study were directly obtained from CENIBRA´s data acquisition system and describe the operation of the recovery boiler between September 2004 and March 2005. To analyze each operating condition, some process operation variables must be specified to properly define the constrained equations of the optimization problem. They are: 1) the black liquor elementary chemical composition; 2) the black liquor feed flow rate (Vlu); 3) the black liquor solids concentration (X); 4) the air feed flow rates (the sum of the primary (Var1) and secondary (Var2) air flow rates).
The following assumptions are adopted in order to solve the proposed optimization problem: 1) CENIBRA's black liquor has the elementary chemical composition presented in Table 1 ; 2) the system is at chemical equilibrium for a given constant average furnace gas temperature equal to 1273K; 3) the pressure in the furnace is 101.3 kPa; 4) the different phases present ideal behavior; 5) good control of black liquor droplets diameters assure that only dry black liquor particles reach the studied region (Figure 1) .; 6) combustion reactions only take place in the studied region (Figure 1) .; 7) N 2 is inert. Costa et al. (2005) , Costa et al. (2004) and Costa et al. (2003) report that the oxidation and reduction reactions take place simultaneously in the solid phase. Then, the chemical species only melt, forming the smelt, after the chemical equilibrium has been reached. Thus, two phases are considered in this work to obtain the concentration of chemical species in the furnace bottom (Figure 1 
RESULTS AND DISCUSSION
The average operation condition is directly obtained by industrial data set (Table 2) . Table 3 presents the chemical species considered to obtain the results and the respective values of a k,i (equation 5).
Using the operation conditions presented in Table  2 , the values of b k (equation 5) are calculated and the obtained results are presented in Table 4 . Table 6 (test 1 to 7). The model reproduces the behavior reported in literature and that is expected for the system (Costa et al., 2005; Adams, 1997; Grace, 1992) . Na 2 CO 3 and Na 2 S are the principal chemical species of the obtained smelt (condensed phase) as reported by Adams (1997) and Grace (1992) . Grace (1992) affirms that the furnace bottom of the recovery boiler is poor in oxygen and this information is shown in Table 6 . Costa et al. (2005) studied a different recovery boiler and reported that the increase of black liquor feed promotes an increase of the reduction efficiency since the oxygen concentration is fixed. This behavior is observed in Table 6 . Table 6 shows the chemical composition of the studied region obtained when the real average operating condition is considered (test 5). The average reduction efficiency of the mill is 93.3% (Table 2 ) and the proposed model can reproduce this variable within an error of 0.6%.
The reduction efficiency value is obtained at CENIBRA by experimental procedures. Therefore, the value of this variable is not known for all industrial data but only for few sampling times. This characteristic of the system disturbs the control of the recovery boiler operation. Sometimes the influence of different operational conditions in the reduction efficiency is known after a long time.
The operational variables are controlled during the recovery boiler operation. Then, small variations can be observed during a significant time of operation. To illustrate this behavior, nine real and different operational conditions that describe eight hours of the recovery boiler operation were analyzed. Table 7 shows the simulated reduction efficiency to each case. The real values are known only for two conditions (Table 7 ). The proposed model can reproduce these real values with a maximum error of 1.1%.
The results presented in Table 7 confirm that small changes in the operating conditions do not affect significantly the reduction efficiency. However, the operation of the recovery boiler can be drastically modified, causing important alterations in the chemical composition of the system. Thereby, the challenge is not to describe the standard operating conditions of the equipment, but to describe the recovery boiler behavior during its operation time. Table 8 shows the results obtained when real different operating conditions are considered for CENIBRA's recovery boiler. The studied data were chosen randomly. The maximum error obtained is 5.3% (operational conditions 5). The results presented in Table 8 justify the use of this methodology in addition to the usual experimental routines to predict the reduction efficiency of the recovery boiler. 
CONCLUSION
The methodology of minimizing the Gibbs free energy has been used satisfactorily in this study to describe the chemical composition of the furnace bottom of the recovery boiler. By this approach it is possible to reproduce the industrial behavior of this equipment, specially the reduction efficiency.
The obtained results are validated by industrial data and information reported by literature. Few variables involved in the black liquor burning process are monitored in the industry. Only the recovery boiler outputs are traditionally analyzed. Variables that describe the chemical composition of the furnace are frequently unknown by the industry, since it is difficult to install sensors in this part of the equipment. Therefore, all information reported by the literature has been important to validate the obtained results.
To obtain the chemical composition of the studied region (for each operational condition) a small computational time is requested. This result confirms the potential of this approach in the analysis of the daily operation of the recovery boiler, since the reduction efficiency value is usually obtained through slow experimental routines.
